Protein phosphorylation is the prime post-translational modification to drive cell division. Identification of phosphorylated proteins and their related kinases has uncovered molecular networks underlying mitotic processes, including chromosome assembly. Here we aimed to identify phosphoproteins from a mitotic chromosome-enriched lysate biochemically using mass spectrometry. We employed the Polo-box domain (PBD) of Polo-like kinase to tether phosphorylated proteins in the lysate. Resulting candidates included a number of chromosomal proteins that would not be identified unless using chromosome-enriched fractions. Among them, we focused to a chromokinesin KIF4A which becomes concentrated along the longitudinal axis of mitotic condensed chromatids. We found that KIF4A is phosphorylated specifically during mitosis, depending on the activity of Cdk1 and Aurora B, which turned out to be required for KIF4A to interact with condensin I. The molecular link between KIF4A and condensin raises an interesting possibility that the interaction of two distantly related ATPases is triggered by mitotic phosphorylation.
Transmission of the genome depends on assembly and segregation of chromosomes in mitosis. A series of mitotic events is primarily processed in time and space by the regulated protein phosphorylations that ensure the reversible and dynamic control of mitosis. Phosphorylation typically induces a change in protein conformer and triggers protein complex formation, which affects its function and/or localization. It is therefore crucial to characterize the kinases and their substrates to elucidate molecular grounds of mitotic processes.
Mitotic protein phosphorylation is mediated by a subset of kinases collectively called mitotic kinases, which include cyclin-dependent kinase 1 (Cdk1), Polo-like kinase 1 (Plk1) and Aurora B. Cdk1 is the master kinase that drives mitosis from its entry, whereas Plk1 and Aurora B control assembly and segregation of chromosomes in the presence of Cdk1 activity (7) . For example, the first step of mitotic chromosome assembly is initiated by a Cdk1-mediated phosphorylation of the condensin II, the protein complex that plays crucial role in shaping chromosomes. The conserved phosphorylation site is found to be Thr1415 of the CAP-D3 subunit of condensin II, whose phosphorylation then triggers recruitment of Plk1 to the chromosome axes through binding to CAP-D3 and thereby hyperphosphorylates the condensin II complex (1).
The phospho-proteomics has been a powerful approach that provides comprehensive lists of protein phosphorylation (3, 5, 8) . It is not necessarily straightforward, however, to link the information to cellular functional and/or structural significance. In this study, we aimed to study phosphoproteins involved in mitotic chromosome assembly by searching for phosphoproteins specifically in a mitotic chromosome-enriched fraction. We used a phosphoprotein-binding module called the Polo-box domain (PBD) to identify mitotic phosphoproteins. The resulting PBD-associating proteins expectedly included subunits of cohesin and condensin complexes, and also contained a kinesin named KIF4A, which is an axial component of chromosomes. Our data suggest that mitotic phosphorylation of KIF4A facilitates its association with condensin I, which presumably is a protein interaction promoting chromosome assembly in mitosis.
The mitotic kinase Plk1 directly targets its substrate by recognizing a priming phosphorylation (2) . A bipartite domain termed the PBD in the carboxyl-terminal half of Plk1 mediates the binding to phospho-serine (pS) or -threonine (pT) meeting the consensus motif, S-pS/pT-P/X, on substrates ( Figure 1A ). Because this motif includes the consensus for Cdk1-phosphorylation site (pS/pT-P), a screen of PBD-interacting proteins would plausibly identify substrates for Cdk1 as well as for Plk1, as has been suggested previously (5) . We generated recombinant PBD encompassing 305-603 amino acids of human Plk1 in bacteria as a GST-fusion protein. We prepared PBD not only wild-type (WT) but also a mutant carrying H538A and K540M (MUT) to disrupt the binding interface (5) . PBD were then released from GST and were coupled to NHS beads ( Figure 1A) .
To obtain mitotic chromosome-enriched lysates, mitotic HeLa cells were collected using double thymidine block and release protocol (18-24 h-treatment with 2 mM thymidine (Sigma-Aldrich), release for 8 h, and 16 h-treatment with thymidine) (1), and thus we could verify that these pretreatments efficiently abolished the activities of the targeted kinases.
We found that the amount of coimmunoprecipitated KIF4A was significantly decreased by pretreatment of Cdk1 inhibitor and partially by Aurora B inhibitor. These results indicate that the activity of Cdk1 and Aurora B promotes the interaction of KIF4A and condensin I in mitosis ( Figure 3 ).
From chromosome-enriched extracts, we could obtain a list of mitotic chromosomal phosphoproteins, which would not appear if we used total cell extracts (5).
Based on cellular phenotype obtained after depleting KIF4A, we extended our study to this chromokinesin, which exemplifies how the molecular information might be able to link to functions. Our data show that KIF4A is phosphorylated dependently on Cdk1
and Aurora B in mitosis, and these phosphorylations facilitate KIF4A and condensin I interaction. To clarify whether these phosphorylations on KIF4A per se promote this interaction requires a detailed identification of phosphorylation sites and generation of mutants to perturb the phosphorylations. Generation of such mutant would also specifically address the cellular significance of this interaction for mitotic chromosome assembly. Aurora B is an essential kinase to shape chromosomes in mitosis and it does so by promoting the loading of chromosomal proteins such as condensin I (4, 10). It would therefore be interesting to address if chromosomal loading of condensin I requires a binding to KIF4A, and if this interaction is promoted by Aurora B activity.
Elucidating how the motor activity of KIF4A is involved is a challenging following question in the future, which must provide an as-yet-unappreciated mechanism for chromosome organization. Mitotic chromosome-enriched extracts were subjected to a pull down assay with WT-or MUT-PBD. Resulting pull down fractions were immunoblotted for KIF4A. 
